Recently, various types of silica-based planar lightwave circuits (PLCs) have been used for optical networks. However, silica exhibits large temperature dependence, so the temperature of silicabased PLCs needs to be controlled. We can reduce the cost and the energy budget of optical equipment by using athermal waveguides. We propose an athermal optical waveguide comprised of trenches filled with low-refractive index material. The propagation constant of the waveguide is determined by the refractive indices of the core and the lowrefractive index material; their thermo-optic coefficients have opposite signs, and therefore the temperature dependence of the waveguide can be suppressed. A 1-bit delay circuit was designed for a 12.5 Gbit/s differential phase shift keying receiver using the athermal waveguide, and it displayed a wide operating temperature range.
Introduction
Recently, various types of silica-based planar lightwave circuits (PLCs) have been used for optical networks, because they are reliable, they are intrinsically low-loss, and they exhibit low junction loss with optical fibers. However, the temperature dependence of silica is too large for most interference circuits, so the temperature of the circuit needs to be controlled. For example, when the temperature of a delay circuit in a differential phase shift keying (DPSK) receiver changes by 0.3 degrees, the loss that it generates increases by 0.5 dB, demonstrating that temperature needs to be very precisely controlled. This pushes up the fabrication cost and increases power dissipation. However, athermal waveguides have already been reported [1] . This report used PMMA which has a thermo-optic coefficient opposite to that of silica. In this paper, we have proposed a novel athermal waveguide structure [2] and have applied it to a 1-bit delay circuit for a 12.5 Gbit/s DPSK receiver.
1-bit delay waveguide with an athermal waveguide
A schematic of a 1-bit delay circuit incorporating an athermal waveguide and micrographs of the device structure are shown in Fig. 1 . The 1-bit delay circuit is a type of asymmetric Mach-Zehnder interferometer (MZI) that consists of two multimode interference (MMI) couplers and delay waveguides. The time delay is set to the symbol period, T . In DPSK signaling, the symbols "0" and "1" are assigned to the phase difference between successive bits. The output light power from the output port is determined by the phase difference between the input light-signals to the second MMI coupler. When the phase difference between the successive bits is π, the light is output to port A., whereas when the phase difference is 0, the light is output to port B. Finally, a balanced receiver converts the output light into an electrical signal. The optical length difference in an asymmetric MZI for a 12.5 Gbit/s DPSK signal is about 24 mm; therefore, any change in temperature can easily lead to a phase error and associated excess loss.
Trenches are fabricated along the core of the waveguide and are filled with low-refractive index material [3, 4, 5] . Silicone resin with a refractive index of 1.393 can be used. Silica has a positive thermo-optic coefficient [6] . The propagation constant of the waveguide is determined by the refractive indices of the silica and the low-refractive index material; their thermo-optic coefficients have opposite signs, and therefore the temperature dependence of the waveguide can be suppressed. The loss of the athermal waveguide is mainly caused by the radiation at the taper structure due to the mode mismatch. By using FDTD simulation, the loss of the junction region was calculated to be about 0.04 dB. The temperature dependence of the effective index of the waveguide for fundamental TE mode and TM mode were calculated for mesa widths of 2.0 to 4.0 μm, as shown in Figs. 2 (a) and 2 (b) . The effective index method was used for calculations. For the narrow mesa width, the part of the light propagates in the silicone resin; therefore, the effective index becomes lower than silica cladding layer. A mesa width should be less than 1.76 μm to satisfy the single mode condition, and the propagation mode exists to the mesa width of about 1.0 μm.The mesa widths of the fabricated device were wider than 1.76 μm; however, we used the tapered waveguide at the junction between the normal waveguide and the resin-filled waveguide to excite only a fundamental mode in the resin-filled waveguide adiabatically. The refractive indices of the core, the cladding layer and the resin were assumed to be 1.466, 1.444, and 1.393, and the thermo-optic coefficients of the silica and the resin were assumed to be 1.6×10 −5 1/K and −3.7×10 −4 1/K, respectively. The thermo-optic coefficient of the waveguide depends on the mesa width. When the mesa width is wide, most of the light is confined within the silica core; therefore, the thermo-optic coefficient of a waveguide is positive. On the other hand, when the mesa width is narrow, some of the light is in the cladding region, and the thermo-optic coefficient is negative. It was found that the thermo-optic coefficient was almost zero for a mesa width of about 3.5 μm.
Athermal characteristics of the 1-bit delay circuit
The thermo-optic coefficient of a silicone resin filled waveguide is almost zero when the mesa width is 3.4 μm for TE mode, or 3.2 μm for TM mode. We could not design a polarization-independent athermal delay circuit because the appropriate mesa width for athermal operation is different in TE and TM modes. The calculated temperature dependences of a 1-bit delay circuit for the DPSK receiver are shown in Fig. 3 . The temperature dependent optical lengths of both arms, and then the phase errors were calculated. As the temperature increases, the refractive index difference between the core (silica) and the cladding (silicone resin) increases. Then, the proportion of the light that propagates in the core is also increased. We designed the phase error of a 1-bit delay circuit become zero at around the temperature of 25 degrees. Therefore, when the temperature is higher than 25 degrees, the temperature dependence becomes positive; and when the temperature is lower than 25 degrees, the temperature dependence becomes negative. It means that the athermal 1-bit delay circuit exhibits quadratic temperature dependence. This quadratic temperature dependence is caused by temperature dependence of refractive index difference between the silica and the silicone resin. By applying an athermal waveguide, the temperature range for excess loss of less than 0.5 dB was extended from 0.6 to 27.0 degrees (TE mode) and from 0.6 to 26.0 degrees (TM mode).
Fig. 3.
Temperature dependences of the 1-bit delay circuit for a DPSK receiver incorporating an athermal waveguide and a conventional waveguide.
Conclusion
In this paper, we have proposed a novel athermal waveguide structure and have applied it to a 1-bit delay circuit for a 12.5 Gbit/s DPSK receiver. We fabricated trenches along the core of the waveguide and filled them with low-refractive index material. The propagation constant of the waveguide is determined by the refractive indices of the core and of the low-refractive index material; their thermo-optic coefficients have opposite signs, and therefore the temperature dependence of the waveguide can be suppressed. The temperature dependence of the waveguide was very small for mesa widths of 3.4 μm (TE-mode) or 3.2 μm (TM mode) when silicone was used for the low refractive index material. We also designed a 1-bit delay circuit for the 12.5 Gbit/s DPSK receiver, which had a wide operating temperature range.
